S U M M A R Y Data from the 4 km deep KTB pilot hole (VB) show a strong vertical variation in heat-flow density (HFD) by as much as 50 per cent. This may be caused both by heat conduction, by advection, and by transient diffusion. At the moment it is not possible to quantify exactly the contribution of each of these. However, 2-D simulations help to define the parameter ranges and structural features required if these processes are to be thermally efficient. The main results are: (1) thermal conductivity contrasts combined with structural heterogeneities as seen in the drilled profile give rise to steady-state, lateral refraction of heat. 2-D simulations of heat conduction indicate that this effect alone is sufficiently strong to account for the observed variation of HFD with depth. (2) Vertical PCclet number analyses of T-logs in shallow boreholes and the KTB-VB indicate a NE-SW flow of meteoric water across the Franconian Line (FL). However, average PCclet numbers of -0.37f0.13 in the potential recharge zone east of the FL are compatible with 2-D, steady-state simulations of heat and fluid flow only up to a distance of about 10 km east of the FL, and only if a crystalline permeability k , = m2 is assumed. (3) A permeability this high, however,' is not confirmed by a comparison of temperature and HFD from numerical simulations and data from the KTB boreholes, neither for a model focusing on shallow flow systems nor a deep structural model investigating potential contributions of convection in the entire upper crust. (4) Alternatively, a joint inversion of T-logs from the same shallow holes yields a ground-temperature history (GTH) that is in remarkably good agreement with long-term meteorological records. (5) It appears, therefore, as if the thermal regime at the KTB was generally dominated by conduction, with additional advective, topography-driven contributions mainly at shallow depths. The conductive regime, however, is a complicated one, characterized by lateral heat flow due to structural heterogeneity (and possibly anisotropy), and, at least at shallower depths, by transient diffusion of paleoclimatic temperature signals into the subsurface.
INTRODUCTION
One of the key objectives of the German Continental Deep Drilling Program (KTB) is the comparison of results gained from geophysical investigations at the earth's surface or from laboratory experiments with the actual conditions in situ. One of the major surprises encountered after the completion and thermal equilibration of the 4 k m deep KTB pilot hole (VB) was the fact, that the in situ temperatures clearly exceed the temperature range predicted by the pre-drilling geothermal site investigation (Bdrkhardt et al. 1989 ). This is true even if the largest variation quoted is considered. The reason for the failed prediction became evident after a vertical HFD profile had been established for the VB (Huenges, Buntebarth & Zoth 1989; Jobmann & Schulz 1991) . It turns out, that HFD q is not constant, but varies significantly with depth. The most prominent feature of this q ( z ) profile is a sharp increase at 500 m depth, raising the average q from about 52 mW m-' within the top 500m to 83mWm-' in the interval below 500 m to the pilot hole's final depth of 4 km. Even though the average surface HFD qo = 58 mW m-2 determined by the pre-drilling investigation agrees to within 10 per cent with the value for the pilot hole's top 500 m, extrapolations based on this value are therefore inevitably bound to be seriously in error. Even the largest variation of qo considered in Burkhardt et al. (1989) , i.e. 30 per cent, is less than the actually observed increase of more than 50 per cent.
In order to understand this depth variation of q it is necessary to search for physical processes that are so far unidentified or insufficiently accounted for. There are three potential candidates that may be responsible for the observed q ( z ) variation: steady-state lateral conductive heat-flow effects, steady-state heat advection by percolating surface water, and transient diffusion of a variable ground-temperature history (GTH) into the subsurface. In this paper the potential implications of the first two mechanisms are investigated using numerical forward models. A 300yr GTH is estimated and its effect on the subsurface temperatures studied using a joint inversion technique applied to nine T-logs from shallow boreholes.
LOCATION A N D GEOLOGIC SETTING
The Oberpfalz region in SE Germany lies at the western margin of the Bohemian Massif (BM). Our study area is centred around the KTB drill site and comprises roughly an area of 60 km x 60 km (Fig. 1) . The NW-SE striking fault system of the Franconian Line (FL) separates sedimentary rocks of Mesozoic and Permian age, overlying the crystalline basement in the west, from highly metamorphosed crystalline rocks in the east that belong to the Variscan BM. DEKORP seismic reflection data suggested a well-defined, steeply dipping FL, separating crystalline from sedimentary rocks, only for depths of less than 3-5 km; in greater depths the FL dissolves into a wide band of uncorrelated small reflectors (DEKORP research group, 1988) . In a more recent 3-D seismic interpretation the FL appears as a well-defined fault plane down to a 5 s unmigrated two-way traveltime. This corresponds to about 7 km after migration, with a dip of around 55 degrees to the NE (Wiederhold 1992) . The KTB site is located in close proximity to the FL, Figure 1 . Simplified geological map of the study area, centred around the KTB site. The Franconian Line (FL) fault systems mark the transition from the crystalline regions of the Bohemian Massif (BM) and the so-called 'Zone of Erbendorf/Vohenstrauss' (ZEV) in the east to mostly mesozoic sediments in the west (after Stettner 1986) . Profile A-B marks the location of the 2-D, cross-sectional models discussed in this paper. Table 1 . Parameters for and results from the PCclet number analyses at the 10 sites examined. The first three columns list the name, number in Fig. 2 and Table 2 , and the maximum logger depth z of each borehole. The following six columns are: average thermal conductivities A. determined from measurements on cores (Burkhardt et 1 % in the so-called 'ZEV' complex ( Fig. 1 ). This is one of three major tectonic and metamorphic units of the BM, and it is thought to be part of a large Variscan nappe complex (Stettner 1979) . A more detailed description of the regional geology and the tectonic evolution of the area is given by Weber (1992) , Weber & Vollbrecht (1989) , Franke (1989) , Rohr et al. (1990) , and .
T H E R M A L DATA
When all available thermal data are examined closely, there are certain indications for either advective or conductive heat-flow effects from: (1) the regional subsurface temperature field, (2) the continuous q ( z ) profile of the KTB-VB, (3) vertical Pkclet number analyses of T-logs from the KTB-VB and from shallow boreholes of the site survey, and (4) lateral heterogeneity apparent in the drilled profile, accompanied by contrasts in thermal conductivity between the profile's main lithological units, metabasite and gneiss. Dispersed graphite, when occurring in certain gneissic sections of the KTB-VB and some of the surrounding shallow holes, increases the thermal conductivity locally by as much as a factor of two.
The regional subsurface temperature field
Temperature measurements are available from a total of 25 boreholes (Table 2) in the study area: 21 boreholes are in crystalline rocks of the BM east of the FL, while only four wells exist in the area west of the FL, one in Permian, and the remaining three in Mesozoic sediments. The crystalline boreholes are: the KTB-VB (Jobmann 1990; Jobmann & Schulz 1991) , nine boreholes drilled for the pre-drilling site investigations (Burkhardt et al. 1989) , the boreholes Falkenberg NB 3 and PB 7 from a previous hot-dry-rock (Schulz et al. 1990 ), the borehole Obernsees 1 (Schulz 1987) , and Friedersreuth 10/90, one more borehole from the recent drill program by the Bavarian Geological Survey (see above). These four boreholes, which were available and logged only recently, provide the first temperature information for the sedimentary region west of the FL. Clearly, the available amount of temperature data is not sufficient for an isotherm representation at any depth. However, the existing lateral correlation of temperatures measured at a certain depth in different boreholes suggests a certain regional trend. As an example Fig. 2 shows the measured temperatures at a depth of 100m below ground surface (see also Table 2 ). Although there are only four data points in the sediments west of the FL, it is quite obvious, that the temperature there, varying from 9.9-17.0 "C, is definitely higher than the range of 7.9-10.5"C east of the FL in the exposed crystalline basement of the BM. This temperature difference, amounting to between 1.2 K and 4.3 K within a distance of 15 km across the FL (Fig. 2 ) cannot be explained merely by the different surface temperature at different elevations: the average atmospheric lapse rate is given by g / c p , where g is the gravitational acceleration and cp the specific heat capacity at constant pressure. Taking g = 9.81 m s-' this amounts to about lOmKm-' for absolutely dry air (c, = 1 kJ kg-' K-') and to about 5 mK m-' for saturated steam (c, = 2 kJ kg-' K-I). As the maximum elevation differences considered are less than 200111, this yields a lapse-rate induced maximum temperature difference of 1-2 K. The observed temperature differences, however, are significantly larger than that. Thus they might be a sign of lateral heat transfer from the BM across the FL into the sedimentary foreland, possibly due to a regional groundwater flow system.
The continuous q(z) profile in the KTB pilot hole
When the KTB-VB had been completed after 19 months of drilling, logging and testing, its thermal equilibration to virgin rock temperatures was monitored by a series of 10 continuous temperature logs, spaced in time in a logarithmic fashion. After the borehole had not been disturbed for seven months, most of the thermal equilibration had already taken place. The currently last log was run another 13 months later, when the casing had been extended from 500m to 3500m. It shows a maximum temperature difference relative t o the prior log of less than 0.8 K over the interval of 2200111 that was accessable for logging ( Fig. 3) . Unfortunately, due to a lost and stuck hydraulic packer, the bottom 1800 m of the borehole has not been accessible ever after December 1990.
The linear regression of the temperature difference of these two logs in Fig. 3 , computed for the depth interval below 500 m, indicates a uniform temperature recovery.
Above 500m the thermal recovery is more irregular and always less than predicted by the linear regression, i.e. it is delayed. Thermal diffusivitiy K = A/@) is the parameter controlling the transient thermal recovery of the borehole, where A is the thermal conductivity, and (pc) the specific thermal capacity of the saturated rock ( p : density, c: specific Table 2 where the name and specific temperatures are given. The stratigraphic units in Fig. 1 are outlined on this map for orientation.
heat capacity). An increased porosity, and hence water content of the rock, will reduce K for two reasons, thus delaying the thermal recovery: (1) the thermal conductivity of the rocks in question (Fig. 4) is on the order of three to five times that of water, i.e. 0.6; (2) the average specific thermal capacity, determined on more than 100 samples from the KTB-VB, is 1.8 f 0.4 MJ m-' K-' (Buntebarth 1991), while the corresponding value for water, although temperature and pressure dependent, is about twice as high. Therefore, an enhanced porosity and hence higher water content in the formation both decreases the thermal conductivity of the rock and increases its specific thermal capacity, which both lead to a reduced thermal diffusivity. Thus a delayed thermal equilibration may be an indication for an increased (fracture) porosity. Major fracture zones were indeed detected in the upper 500m of the VB (Draxler & Hanel 1987) . They correlate well with the spikes of the temperature-difference profile (Jobmann & Schulz 1991) . This supports the above interpretation of the delayed thermal equilibration in the top 500m of the KTB-VB. However, it is emphasized that water movement in the formation around the borehole might explain equally the roughness of the difference profile, particularly since the casing had been extended from 0.5-3.5 km before the last log had been recorded. Within the hole itself, however, the thixotropic borehole mud effectively prevents any circulation.
The fact that the temperature gradients are virtually identical in the two T-logs (Clauser & Huenges 1993 ) is even more important for the q ( z ) profile than the close agreement in absolute temperatures. This implies that the remaining thermal-equilibration process, which may still go on for some time, will not significantly influence the HFD determined in the borehole. Thus the q ( z ) profile for the KTB-VB may be based on the (almost) equilibrated temperature log of the entire borehole. It is determined as the product of moving average values of thermal conductivity and vertical temperature gradient, with windows of 50m and 1 0 m , respectively (Fig. 4) . Thermal conductivity was measured at room temperature and atmospheric pressure in the KTB field laboratory (Bucker et al. 1990; Huenges, Burkhardt & Erbas 1991) . These values are not adjusted to in situ conditions as this correction amounts to 10 per cent at most (Buntebarth 1991) . HFD up to a depth of 500 m is very low, averaging 52 mW m-'. This is within 10 per cent of the 58 mW m-' established by the pre-drilling site investigation (Burkhardt et al. 1989) . Below 500m it increases rapidly to a mean value of 831nWm-~.
This pronounced increase by more than 50 per cent is incompatible with purely steady-state, vertical heat conduction.
An average regional surface HFD of qo = 58 mW m-' had been established for the vicinity of the KTB site by the pre-drilling geothermal site investigation (Burkardt et al. 1989). This study was based on thermal data from nine shallow boreholes ranging in depth from 140-300111. A maximum palaeoclimatic correction of 15 per cent raises q0 to 66.7mWm-', and another 15 per cent was added to account for the maximum effect of various other corrections.
Thus the highest value considered for qo was 75.4 mW m-', which falls short of 83mWm-', the average value in the lower part of the VB, by more than 10 per cent. On the other hand, a value of q,=S8mWm-2 confirms and is consistent to within 10 per cent with the 52 mW m-', which are representative for the top SO0 m of the VB. This result both highlights the problems connected with applying uniform palaeoclimatic 'corrections' to heat-flow data and suggests that the shallow drillholes available to the pre-drilling geothermal site investigation might have been too shallow after all. (Bredehoeft & Papadoupulos 1965) . Alternatively, the ratio PeIL can be determined from a linear regression of temperature gradient versus temperature (Mansure & Reiter 1979) . One further expression defines the variation of HFD q(z) with depth z (positive downward):
Vertical Pkclet number analyses
or From (2) Pe/L and qo = q(z,) may be determined: either by an exponential regression of HDF versus depth (Sass & Lachenbruch 1982) or by a linear regression of the logarithm of the heat-flow density versus depth (Fig. 5; Clauser & Villinger 1990 ); this last approach additionally permits us to accommodate horizontal layering of thermal conductivity in the analysis. Further, a theoretical temperature profile in a homogeneous half-space can be computed (Mansure & Reiter 1979) , which corresponds to the values for qO and Pe/L determined by one of above methods and to the measured temperature T, = T(z,):
Thus it is not only possible to check the quality of the regression itself, but also the agreement of the predicted and the measured temperatures. In order to determine the thermal system PCclet number and undisturbed basal HFD qs = q(Z0 + L), however, more information on L is necessary in order to proceed, since only the ratio of Pe/L is known from the regression. The sharp increase of q around 500m in the KTB-VB implies a possible maximum depth of groundwater percolation. The features of the temperature-difference log discussed previously suggest an increased fracture porosity and hence water content in this depth range. Fluid testing and isotope analyses (Lodemann & Fritz 1990) transition from mobile to almost immobile formation waters determined from the vertical length of the T-log's curved at a depth of about 500 m. We therefore select L = 500 m as section above a sandstone (BNS) aquifer between 850 and the maximum depth for vertical percolation of surface water 1000 m depth, while an upper bound was taken as the depth for the boreholes in the exposed crystalline complex of the to the crystalline basement ( 4 . 1
,-. KTB-VB. As can be seen, the measured and computed temperature profiles are in very good agreement, with a maximum temperature difference of 130 mK. In contrast, when the entire T-log of 2.2 km is analysed this way, the agreement is much worse, with temperature differences reaching nearly 2 K . An analysis of the T-log's section below 500 m is equally unsatisfactory, with errors close to 1 K. These results indicate that an active flow system may be indeed concentrated in the top 500 m. Assuming L = 500 m, the value determined for Pe/L in the regression (Table 1) translates into Pe = -0.35. This means that there is additional advective heat transfer on the order of 113 of the conductive component. When the value for Pe/L determined in the regression is multiplied by this yields an average vertical Darcy velocity of u = -13.0 mm a-*. Thus, considering average porosities of 1-2 per cent representative for this interval (Bucker et al. 1990) , surface water will need 385-770 yr in order to percolate from the surface through the top 500 m of crystalline rock.
This analysis was applied to all suitable data sets available. In three cases no results could be obtained, an indication that the overly simple physical model behind the method is violated at these specific sites in some way or the other. In 11 cases, however, the method worked quite well. These are 10 sites in the BM and the geothermal well Both the standard and a robust linear-regression Sediments technique (e.g. Press et al. 1992) were used in the analysis. The results differ by about 10 per cent for most of the sites.
However, in two cases the differences in v and Pe amount to between 40-70 per cent. Here the standard linear regression suffers from its undesired sensitivity to outlying points, while the robust regression reflects more closely the trend defined by the majority of points. Therefore the results of the robust regression are considered more reliable. (Figs 7-9 ). It appears that, in respect to water flow, there is a different behaviour at sites in the BM and at the one site in the sediments west of the FL (Figs 7 and 8 ). There are two reasons why we think this is important, even though the evidence is supported only by one out of 10 data points: the sign reversal involved and the fact that all boreholes west of the FL are artesian, with only one exception, the shallow hole Friedersreuth 10 (see Fig. 2 and Table 2 ). In all sites within the BM surface water percolates downwards. There is, however, no significant . Basal HFD determined from Ptclet number analyses in 10 boreholes, plotted on a profile according to distance of the boreholes from the FL. Error bars are calculated from Gaussian error propagation (see Appendix). The shaded area marks the range of HFD in the KTB pilot hole for depths in excess of 500 m (cf. Fig. 4) . Boreholes (from left to right) appear in the same order as in Table 1 . Error bars are computed from Gaussian error propagation (cf. Appendix).
Graphite in the pilot hole and in surrounding boreholes
Dispersed graphite is frequently found in cores of the KTB-VB, mostly connected with steeply dipping fracture zones (Rohr et al. 1990; Ziegenbein et al. 1989) . Within a few hundred metres of the pilot hole there are outcrops of graphitic material that coincide in location with the minima of anomalies of electrical resistivity (10 52 m) and self potential (-600 mV). These are interpreted as manifestations of deep-reaching zones enriched in dispersed graphite (Haak, Stoll & Winter 1991) . At these locations a pronounced induced polarization effect likewise suggests the existence of either graphite or pyrite (Haak et al. 1991) . In a mise-A-la-masse experiment, using as electrodes the metal casings of the VB and HB, Stoll (1993) identifies graphite in steeply dipping layers, which belong to a fault zone intersecting the HB in the depth interval 250-1500 m. Graphite was also detected in some cores from boreholes drilled in the 'ZEV' complex ( Fig. 1) for the pre-drilling geothermal-site investigation
The thermal conductivity of pure cyrstalline graphite at 20°C varies from 355.0 to 89.4Wm-'K-', measured perpendicular and parallel to the optical c-axis, respectively (Dreyer 1974). Grigull & Sandner (1990) specify a value of 155 W m-' K-' for randomly oriented, monomineralic aggregates. This is about 60 times the average value for crystalline rocks. This suggests that even moderate graphite concentrations may be sufficient to give rise to lateral heat-flow effects. These, in turn, may be strong enough to perturb an otherwise constant vertical heat-flow regime significantly. The thermal-conductivity profile established from measurements on core material from the KTB-VB, however, does not seem to support this hypothesis (Fig. 4) . There is no indication of any dramatic increase in thermal conductivity that might be attributed to graphitization. On the other hand, this is not so surprising, as no core material could be recovered from those fracture zones that were actually enriched in graphite. Therefore, in order to gain some insight into the relationship between the thermal conductivity of crystalline rocks and their graphite content, both quantities were measured on core material from the nearest graphite deposit, about 170 km SE of the KTB location (borehole L38/33 at Kropfmiihl, near Passau). Fig.  10 shows a strong linear correlation of thermal conductivity A with concentration C of dispersed graphite:
where C is in per cent, and the correlation coefficient is 0.98. This relation implies, that graphite concentrations as small as about 5 per cent are sufficient to raise A above the range 1-6 W rn-l K-', which generally characterizes plutonic and metamorphic rocks (Clauser & Huenges 1994) . The rather large scatter of A (-5 W m-' K-') about the linear regression for concentrations above 20 per cent is probably due to effects of anisotropy, as the samples were unoriented in this respect. It cannot be expiained by differences in mineral composition or by effects of variable porosity (i.e. fluid content), since porosity is very low (0.5-1.9 per cent).
The abundance of dispersed graphite in and around the KTB-VB and the strong effect that even small graphite concentrations have on thermal conductivity suggest a potential lateral, conductive heat-flow anomaly that may perturb the vertical HFD profile. It is an important test for this hypothesis, however, whether it can account for the strong increase in HFD around 500m depth. This is discussed in more detail in Section 4.1.1 on the basis of 2-D simulations of heat conduction in a strongly heterogeneous medium.
H E A T TRANSPORT MECHANISMS
Several different physical processes may account for the observed thermal data. They are discussed in this section and evaluated individually. Some of them may be active at the same time. Thus, strictly speaking, they should be treated simultaneously. However, at this time this cannot be achieved in the necessary generality. Therefore, 2-D numerical forward models are used to assess the importance both of steady-state advection of heat, driven by forced and by free convection, and of steady-state conductive lateral heat flow. Finally, results of a 1-D joint inversion of eight T-logs from shallow holes are presented investigating the transient downward diffusion of a variable GTH from the earth's surface.
Thermal refraction and advection of heat
Steady-state, 2-D simulations are used to illustrate the potential effects of thermal refraction and of advective transport. These calculations are based on greatly simplified models of the subsurface geological structures. Therefore we do not claim that they reflect the physical reality in detail, and no true model calibration is performed. Rather it is attempted, in a parameter sensitivity study, to illustrate the relevance of the individual processes and the conditions required for their realization.
Calculations are performed using a finite-difference (FD) code solving the mutually coupled equations of heat and fluid flow in a porous medium. During the simulations the physical rock and fluid parameters are adjusted to the ambient P-T conditions, specifically thermal conductivity, and fluid density and viscosity. Further particulars on the physical, mathematical, and numerical details of the employed simulation code SHEMAT are described in Clauser (1988) and Clauser & Villinger (1990) and will not be repeated here. Two structural models are considered, both of them 2-D vertical cross-sections. They extend horizontally 40 km, and vertically 3.25 km and 15 km, respectively. Fig. 1 shows the trace of these cross-sections along profile A-B as well as its position relative to the major tectonic features and geological units. Both models are very general simplifications of the real geological situation. The deep structural model (Fig. l l a ) was used by Clauser & Huenges (1993) to investigate thermal-refraction effects as well as the potential occurrence of thermally relevant convection systems in the entire upper crust. The shallow model (Fig. l l b ) pays more detailed attention to shallow flow systems and their thermal consequences, and to the structure of the mesozoic sediment trough. In both cross-sections the KTB site is located at kilometre 22. Boundary conditions for the purely conductive and the hydro-thermal simulations on both cross-sections are: constant temperature (7.4 "C) and constant hydraulic head at the top, no fluid flow and a constant HFD at the bottom (shallow model: 80 mW m-2, deep model: 40-60 mW m-2), and neither heat nor fluid flow across the two lateral boundaries. For the shallow model the boundary values in respect to temperature and HFD are taken from known surface and borehole data at the KTB site. For the deep model the HFD at the base of the model is one of the parameters varied in a sensitivity study, the other parameter varied being permeability. In both models the values for thermal conductivity i l and radiogenic heat production rate (HPR) in each individual domain are kept constant during all simulations, since they are reasonably well constrained by data measured in the KTB program.
4.1.1
In an inhomogeneous subsurface, inclined strata with high thermal conductivity contrasts will give rise to lateral conductive heat flow. As a consequence, the amount of heat flowing in or out a particular control volume laterally leads to a surplus or lack in the vertical HFD component, which is the one being determined from measurements of il in the laboratory and T-logs in boreholes. On the basis of the deep model ( Fig. l l a ) , Clauser & Huenges (1993) investigate whether refraction of heat flow into good or around bad conductors is a conceivable explanation for the variation observed in the q-z profile of the KTB-VB. The model comprises of five different subsurface domains: the mesozoic foreland basin (4), a granitic pluton (3), the gneissic basement (l), and two steeply dipping structures. One is a metabasite body (2), the other corresponds to a FL (5) dipping 60" and consisting of gneiss enriched by 2 per cent in dispersed graphite. This is a high but not an implausible concentration for the KTB location. Both regions in the model are compatible with KTB seismic and drill data. Only recently a cataclastic zone from about 6.6-7.2 km depth was penetrated by the HB, showing increased fracture porosity, fluid and graphite content. It is identified with one of the main reflecting elements of the 3-D seismic experiment, the so-called SE1 reflector, which is thought to be one of the fault zones forming the FL (Hirschmann 1992) . Other fault zones were also found to contain graphitic layers of up to several cm in thickness. Graphite increases the thermal conductivity in respect to the surrounding gneissic material, while metabasite has a lower thermal conductivity. Owing to the lower average elevation in the foreland basin there is an additional air-filled domain (6), which does not participate in the computations except for defining a different datum at which the upper boundary conditions are specified. An unevenly spaced grid of 77 times 63 nodes is used for the simulations. The grid is refined in its central and upper parts in order to resolve well the steeply dipping regions 2 and 5 ( Fig. l l a ) . Horizontal mesh sizes vary from 1000-100m, vertical mesh sizes from 1000 m below 5.5 km depth to 700-50m above (see also Fig. 14 for this grid) . Table 3 summarizes the parameter values chosen in each of the individual domains of the model for il and HPR. The HFD at the base of the model was varied from 40-60 mW m-', and a value of 45 mW m-* was found to give the best match with T and HFD data from the KTB and surrounding boreholes. For the reasons mentioned before, however, no fine-tuning of the model was performed, such as varying h and HPR in order to achieve an optimal fit. The T and HFD fields that result from these simulations are reported in a companion paper (Clauser & Huenges 1993) and will not be repeated here. Instead we concentrate on a comparison of these results with data from the KTBVB and HB boreholes. Figs 12 and 13 contrast temperature and HFD data from the VB and HB with logs taken from model results of three different simulations. Concentrating, for the moment, on the one curve corresponding to a purely conductive simulation, the agreement in T and q appears acceptable, by and large. Only for the deepest BHT value from the HB do the results from the conductive model deviate from the temperature data within the experimental uncertainty. In the vertical HFD profile the strong heterogeneity of the model causes a considerable variation. Differences of 20-30 mW m-' can be observed over depth intervals of less than l k m . Particularly, within the top 500m, there is an increase in q from 60 to about 80 mW m-', much like in the KTB-VB HFD profile. The small minima and maxima in q around 4 km (Fig. 13) correspond to the low-and high-conductivity regions 2 and 5 that are intersected here. As heat tends to flow around the low-conductivity metabasite and into the well conducting graphitized gneiss, energy is no longer conserved in the vertical component of q. With this exception, the model results fall into the range defined by the experimental error, although they are biased toward the lower end of this range. This result illustrates the potential consequences of structural heterogeneity in a purely conductive regime, wherever this coincides with sufficiently strong thermal conductivity contrasts. Although this is clearly not a model calibration, it demonstrates that under conditions such as found at the KTB location, steady-state conductive effects alone are sufficient to account for the observed variation in HFD. Needless to mention that additional anisotropy would enhance these effects.
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Steady-state advection of heat
Besides refraction of heat, advective heat transport is an alternative mechanism capable of causing the observed vertical variation in HFD. Both models, the deep and the shallow one, are employed to investigate the potential of both forced and free convection as possible driving forces.
(a) The deep model. The flow of heat and fluid was simulated in the deep model ( Fig. l l a ) with parameter distributions as shown in Table 3 . In addition to the parameters in the purely conductive model described previously, permeability has to be specified additionally for the different model domains. In these simulations it was varied over two orders of magnitude (Table 3) . While values lower than these correspond to an essentially conductive regime, values above this range lead to temperature and HFD fields completely incompatible with observations (Clauser & Huenges 1993) . These results indicate, that a permeability of the crystalline bedrock as low as 2.5 lo-'' m2 is sufficient to support a free convection system in the entire upper crust. Fig. 14 shows the FD grid, temperature, vertical HFD, and Darcy flow field of this simulation: while temperature varies only very gently, the vertical HFD, due to lateral conductive heat flow, very clearly reflects the heterogeneous thermal-conductivity structure, as was discussed in Section 4.1.1. The Darcy flow field shows a superposition of free-and forced-convection effects: the double cellular shape of the thermally driven free-convection system is superposed by the NE-SW recharge/discharge pattern of the forced convection, which is driven by the different hydraulic heads east and west of the FL: the KTB site is situated close to the western margin of the BM and thus next to a change of about 125m in average elevation between the BM and the ajoining mesozoic foreland. Thus there is predominantly downflow around the KTB site. As a consequence, temperature in a T -z profile at the KTB location in this model is too low, compared with the actual KTB data (Fig. 12, lower curve) . For pure free convection in a homogeneous porous medium, the number of convection cells depends only on the aspect ratio x, , , / z, , , of the model. The locations where upflow and downflow occurs change with the aspect ratio. In linear stability analysis a double cellular convection will develop for an aspect ratio of 2fi (or multiples of this), which corresponds to the smallest critical Rayleigh number required for the onset of free convection. At a given Rayleigh number finite-amplitude convective flows are most effective in transporting heat (which corresponds to a maximum Nusselt number) for an aspect ratio of 2 (e.g. Turcotte & Schubert 1982) . Thus the aspect ratio of 40/15 = 2.67 = 1.9fi of the deep model falls in between 2 and 2q2, and is therefore fairly close to an optimal value.
In order to 'move' the downflow region away from the KTB site, the deep model was extended laterally to 64, 75 and 80 km maximum horizontal extension, corresponding to aspect ratios of 4.27=3fi, 5 =3.5fi2, and 5 . 6 7 = 4~, respectively. However, the downflow region remains fixed near the KTB site in all these models, although the theory for a homogeneous porous medium heated from below predicts an upflow in at least one of them. Several factors are responsible for this. First and most important, this is not a purely free convective regime. The boundary conditions for the forced convective flow, i.e. the step change in the hydraulic potential of the model next to the KTB site, will always produce a downward component there. Second, this is not a homogeneous medium, neither in respect to thermal nor to hydraulic properties (see Table 3 ). Finally, additional buoyancy results from the heat produced by radioactive decay within the different domains of the model, and different flow and temperature fields result, if the HPR in the model is taken to be homogeneous. Thus it follows that the location of the downflow region in the deep models is not arbitrary. Comparison of model results with temperature and HFD data from the KTB boreholes shows that
. . ' , , , . . convection in the entire upper crust results in T and HFD values that are systematically too low and produce a worse fit to the data than results from purely conductive models (Figs 12 and 13) .
On the scale of the FD-grid of model, i.e. 1 km, the permeability of crystalline rocks varies from about m2 to m2 (Clauser 1992 ). Permeability generally decreases with depth. In order to test the response of the model to this, the permeability of the bottom 10.25 km of gneissic bedrock in the deep model is reduced from 2.5 1O-l' to 10-18m2. Fig. 15 shows temperature, vertical HFD, and Darcy-flow field of this simulation. As a result of the decreased permeability in the lower part of the model, free convection cannot develop as before, and the forced convective flow is mainly confined to the top third of the model. In comparison with the previous model these results are in better agreement with temperature and HFD data from the KTB boreholes, but they are still too low (Figs 12  and 13 ).
(b) The shallow model. By simulating heat and fluid flow numerically it is possible to test whether the lateral variation in PCclet number, described in Section 3.3, is compatible with an assumed regional flow field. The difference in mean elevation to the east and west of the FL suggests a simple 2-D recharge-discharge flow pattern. Corresponding simulations are made on the basis of the shallow model (Fig.  l l b ) which permits a better resolution of shallow flow systems. If the PCclet numbers resulting from these simulations indeed agree with those determined from shallow T-logs, this would be strong evidence for an advective redistribution of heat. An opposite result might indicate transient effects, or that the model is too simple.
In these simulations, thermal conductivity, HPR, and porosity again are kept constant (Table 4) , while the permeability of the sedimentary and crystalline domains of the model is varied over two and three orders of magnitude, respectively (Table 5 ). This permeability sensitivity analysis yields two main results: (1) if the flow field in the sediments Table 5 . Permeability in mz for the different domains of the shallow (3.25 km) models (Fig. llb) . models is controlled by thermally driven free convection this has a pronounced effect on the temperature field, particularly in the high-permeability models (k,,, = 10-'2-10-'3 m'). (2) Topography-driven forced convection dominates in the crystalline part of the model for all permeabilities considered. T-logs that are useful for comparison with simulation results are available from the boreholes Weiden T1, Bayreuth SW and Obernsees 1 in the mesozoic basin, and from the KTB-VB on the western rim of the BM (see Table 2 and Fig. 2 ). Unfortunately the three T-z profiles in the basin are not undisturbed: the T-log from Weiden had been recorded prior to a final temperature recovery from the drilling disturbance, and Bayreuth and Obernsees are artesian. Finally, Obernsees is too distant from the FL to be used for a comparison with simulations on this cross-section.
Therefore a real calibration of the shallow model cannot be performed with the available information. All the same it is instructive to compare simulation results and data. This is a test whether major features of the data are reflected by the simulations. The results are: (1) in the sediments, none of the three T-logs shows an indication for strong free convection. This rules out all of the models with a high sediment permeability, as they display very strong free convection. The lowest permeability considered for the sediments is 10-14m2, not an uncommon value for sedimentary basin rocks. Using this permeability simulation results are in reasonable agreement with the T-logs from Bayreuth and Weiden (Fig. 16) (Fig. 17) . This is equivalent to a conduction-dominated, if not a purely conductive regime. This agrees with the conclusions drawn in Section 4.1.2a, which were based on comparing simulation results of the deep model with KTB temperature and HFD data.
Since there seems to be a reasonable agreement with measured and predicted temperatures for the western and central part of the shallow model, it is instructive to compare simulated thermal PCclet numbers in the eastern part of the model with those determined from data from the shallow boreholes of the pre-drilling site investigation. This is illustrated in Fig. 18 . Shown are the shallow-hole thermal PCclet numbers from sediments west of the FL falls well into a broad band of simulated PCclet numbers, the picture is quite different in the crystalline region east of the FL. None of the simulations yields an acceptable agreement for the total length of the available Pe-profile. Only within the first 10 km east of the FL do some simulation results yield Peclet numbers that are comparable to those from the shallow holes or plot at least into their 90 per cent confidence interval. And these models require a crystalline permeability k, of at least 0.5-1.0 X m2. This is not an implausible, but quite a high value for a regional crystalline permeability, as discussed before. Even so, it appears that an agreement is not obtained easily, and if so, not for the total length of the Pe-profile. This may be caused by different factors: (1) a simple 2-D flow system in response to a step change in hydraulic potential may be an over-simplification of the real situation. The farther east, the lesser felt is this drop in potential. But neither the BM nor the sediments west of the FL are flat plateaus, and second-order changes in topography may induce 3-D flow effects which are not accounted for by the present simple model. (2) Alternatively, curvature in the shallow T-logs may be caused by transient downward diffusion of a variable ground temperature history, rather than by steady-state advection. This will be addressed in the next section.
Downward diffusion of climatic temperature signals from the earth's surface
A variable GTH diffuses into the earth with time, while the signal is attenuated and phase shifted. This mechanism has been long recognized and studied. Earlier work concentrated on assessing the additional signal and applying a suitable correction to HFD values (Birch 1948; Beck 1977 , containing also a review of early work). Recently, in the context of the greenhouse problem and global climatic changes, the signal itself and its inversion from T-logs has become a target of geothermal research (Lachenbruch & Marshall 1986; Lewis 1992; Pollack & Chapman 1993) . A variable GTH induces curvature in a temperature profile, just like lateral refraction or advection of heat. As the presently available inversion techniques are based on strictly conductive heat transfer in a 1-D layered earth or in a homogeneous half-space (Wang 1992) , processes can be neither identified uniquely nor studied simultaneously at the moment.
In the previous paragraph an apparent mismatch is pointed out between the lateral trend of results of PCclet number analyses from shallow-hole thermal data and the predictions of simple 2-D models of advective redistribution of heat from the BM into the sedimentary foreland. Now it will be studied whether the curvature in the T-logs, previously interpreted as being due to vertical, steady-state advection , can be explained by transient downward diffusion of a variable GTH into a homogeneous half-space. The logs used for this inversion are listed in Table 6 , and their location is indicated in Fig. 2 . They are the same logs as were used in the PCclet number analysis, with two exceptions, the KTB-VB and Poppenreuth: in the KTB-VB the water level had been at 100m below ground surface when the logs had been recorded, and the log from
Poppenreuth is disturbed in its upper 100111. Thus both boreholes were excluded from the joint inversion. The inversion is performed jointly for all nine boreholes using singular-value decomposition (e.g. Menke 1989), as described in and Beltrami & Mareschal (1991) . The model consists of 30 linear time steps of 10yr duration covering a time interval from the present to 300 yr before present (YBP). Thermal diffusivity was determined in the laboratory on one core sample from each Table 6 . Name, number (in Table 2 and Fig. 2) . thermal conductivity 1, thermal diffusivity K, and heat-production rate H of the nine boreholes used in the joint inversion of a GTH shown in Fig. 19 . Owing to its somewhat disturbed T-log, an additional borehole of the site survey, Poppenreuth, was excluded from the joint inversion. All the same, a K = 0.926 mz s-I was determined for this borehole, yielding 0.84 f 0.06 x mz s-' as mean value for all measurements. The heat-flow densities qvirgin, which result from this inversion, specify the HFD prior to the onset of the GTH at each borehole. of the nine boreholes used in the inversion (Table 6 ). There is some scatter, but due to the acceptable standard deviation of f0.006 x lop6 m2 s-l it seems not unreasonable to use the average diffusivity of K = 0.84 x lop6 m2 s-l for all boreholes. Assuming a homogeneous half-space in respect to K seems at least no worse simplification of the complicated crystalline structures than the assumption of a 1-D-layered earth. Nevertheless, individual values for thermal conductivity and HPR, taken from Burkhardt et nl. (1989) , were used for each borehole (Table 6 ). Further ,details of and more results from these inversions will be presented in a separate manuscript currently under preparation. Figure 19 shows the GTH obtained from this inversion. For comparison time series of average air temperatures measured in meteorological observatories nearby are shown as well. They are from Praha (Czech Republic), Miinchen, Jena, and Berlin (all Germany). Relative to the Oberpfalz region, these observatories lie 190 km to the E, 170 to the S, 130 km to the NNW, and 290 km to the NNE, respectively.
Because of the skin effect characteristic for diffusion processes, the inverted GTH preserves short-period components only in the immediate past. In the earlier part of the GTH record they are damped away. Further treatment is therefore required in order to make the meteorological records comparable with the inverted GTH.
(1) The annual means of air temperature are averaged into five-year means, and (2) this new time series is then interpolated by a fourth-order polynomial in order to show the long-period variation. Fig. 19 shows a remarkably good agreement between the meteorological records and the inverted GTH. Both in the short-period spikes and the long-period trends of the GTH are reflected in the records from Praha, Miinchen, and Jena. The long-period trend of the Berlin record, however, appears to be phase shifted in respect to the other records and the GTH. In spite of the particularly good agreement it is emphasized, however, that the inversion process is an intrinsically non-unique one. Not always are data sets available such as these meteorological records, which can be used for fine-tuning the inverse solution (see also . More important even, the Pe-analysis of these same nine T-logs yields a groundwater percolation time of 385-770 yr (see Section 3.3). As this is on the same order as the periods resulting from the joint inversion this emphasizes the need for a truly simultaneous treatment of advection and diffusion.
C O N C L U S I O N S A N D OUTLOOK
The nature of the KTB thermal regime is still not completely understood. While it is quite evident, that several different processes are at work, it is not yet possible to quantify exactly the contribution of each of them.
Already today, however, and analysis of the available data makes a fascinating case history of heat transport in the crystalline continental crust, where lateral refraction of heat, advection, and even transient diffusion of paleoclimatic signals are all involved.
Although it is quite obvious that all these processes are currently active it is presently out of reach to weigh their importance accurately. Heat will certainly flow preferably into good and around bad conductors. Thus refraction of heat will always be important as long as there is sufficient heterogeneity and/or anisotropy in the lithological profile in respect to heat conduction. From comparision of numerical simulation results and data from the VB and HB it appears as if a purely conductive regime was best compatible with the data. However, the agreement is far from perfect and the numerical models are clearly very simple, first-order models. Much more difficult is the interpretation of results from studies of the advective and the transient diffusive regime, because their signals cannot be recognized uniquely. Again, one has to resort to comparing the results with those from numerical simulations. From this it appears that a simple, 2-D E-W recharge-discharge groundwater flow pattern does not account adequately for the PCclet numbers determined from thermal data in the shallow holes in the KTB region. It cannot be decided at the moment, however, whether a more complicated (if not 3-D) flow field will provide remedy, or whether the curvature in the T-logs is due to another process, such as transient downward diffusion of a variable GTH. Joint inversion of the same T-logs as used for the PCclet number analyses, yields a GTH that is at least in very reasonable agreement with meteorological data. Fig. 20 summarizes the HFD at each of the shallow boreholes, determined by the pre-drilling site survey, the PCclet number analyses, and the joint inversions, and contrasts it with the range found in the KTB-VB below 500m depth. All three data sets show a certain regional variation, which in itself may well be an indication for a different process active at greater depth. While most of the values from the site survey plot outside the range from the VB, most of the data from PCclet number analysis and joint inversion fall into this range. On the basis of the analysis of shallow-hole data alone, no preference can be given to either steady-state advection or transient diffusion.
Part of the remaining uncertainty is due to the fact that we are still lacking the kind and sufficient number of data needed to reduce the ambiguities we are faced with today. For instance, the quantification of lateral heat flow requires measurement of lateral temperature gradients. This can be performed only along an inclined borehole, in side boreholes whipstocked off from a main hole, or in between several different boreholes. The first two options are presently not possible at the KTB site. And it will take many years until the temperature field will be sufficiently equilibrated in the KTB-HB until T-logs from VB and HB can be used to determine lateral temperature gradients. Likewise, the analysis of regional phenomena, like advection of heat along a regional groundwater flow, requires boreholes sufficient in number and depth to sample the flow field adequately. The available shallow boreholes in the region are clearly too shallow in this respect. Future work along this line will require deepening of at least some of them to depths of 1-2km, until for instance the fresh-saline water interface is reached.
Finally, the signals produced by steady-state advection and transient diffusion are non-unique. Therefore, both the extraction of the past climatic record from borehole temperature profiles and the identification of heat advection demand an analysis capable of treating both processes simultaneously in order to quantify the contribution of each of them to the interpreted thermal signal. This obviously requires that present techniques be further developed. Therefore, we are presently limited to testing different hypotheses, which are suggested by structural, geophysical, geochemical and geological information, by comparing the available data with simulation results. -10 Figure 20 . HFD determined in the site investigation, from Peclet number analyses, and from joint inversions plotted on a profile according to distance of the boreholes from the FL. The shaded area marks the range of HFD in the KTB-VB for depths greater than 500 m. Boreholes (from left to right) appear in the same order as in Table 1 . In the following table both the independent individual errors (6) and the cumulative errors (A) resulting from error propagation are summarized separately for the KTB-VB (column a), for the boreholes of the pre-drilling site investigation (column b), and for Bayreuth SW (column c). dq,, 6qo, and 6A for the KTB-VB are computed as means 7.4 9.7 12.7
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over the depth intervals 500-4000m (&B) and 0-500m This shows that A Pe is dominated by the error in basal HFD .
